Seasonal variations in nutrient inputs are described for the main rivers (Loire and Vilaine) flowing into the northern Bay of Biscay. The river plumes are high in N/P ratio in late winter and spring, but not in the inner plume during the summer. Conservative behavior results in most nutrients entering the estuary and eventually reaching the coastal zone. Temporal and spatial aspects of phytoplankton growth and nutrient uptake in the northern Bay of Biscay distinguish the central area of salinity 34 from the plume area. The first diatom bloom appears offshore in late winter, at the edge of the river plumes, taking advantage of haline stratification and anticyclonic "weather windows." In spring, when the central area of the northern shelf is phosphorus-limited, small cells predominate in the phytoplankton community and compete with bacteria for both mineral and organic phosphorus. At that period, river plumes are less extensive than in winter, but local nutrient enrichment at the river mouth allows diatom growth. In summer, phytoplankton become nitrogen-limited in the river plumes; the central area of the shelf is occupied by small forms of phytoplankton, which are located on the thermocline and use predominantly regenerated nutrients.
Introduction
The northern Bay of Biscay is located in the northeastern Atlantic off France (between 47°N and 48°N and 2°E and 6°E) . This part of the Bay of Biscay receives fresh water from the Loire and Vilaine rivers whose watershed areas (128 800 km 2 ) account for 95 % of the total catchment area of the northern Bay of Biscay. The mean annual river flows are 835 m 3 s -1 and 75 m 3 s -1 for the Loire and the Vilaine, respectively (OSPAR Commission, 2000) . Many studies have documented the hydrodynamics of this area. Haline stratification is strong from February to June in response to high river runoff and relatively low vertical mixing; thermal stratification occurs between May and midSeptember in a ~ 50 m thick layer, whereas the water column remains thermally homogenous from January to the beginning of April (summarized from Koutsikopoulos and Le Cann, 1996; Lazure and Jegou, 1998; Puillat et al., 2004) .
The biogeochemical functioning of the northern continental shelf is also partially known. The extent and consequences of these continental loadings for nutrient and chlorophyll distribution were determined Loyer et al. 2006) : the freshwater inputs induce a nitrate gradient from river mouths to offshore waters in the vicinity of the 100 m isobath. The situation in early spring is characterized by high N/P molar ratios in front of the Loire and Vilaine estuaries which highlight the nitrate excess in river loadings. Phytoplankton mainly develops once haline or thermal stratification is established (Morin et al., 1991) . The outflow of continental waters from the Loire and Vilaine estuaries modifies the hydrographic patterns in the northern Bay of Biscay. From January to June, the haline stratification is strong on a large part of the shelf in response to high Loire river runoff. During flooding, mesoscale structures, such as expanded river plumes or low salinity lenses, occur. Between May and September, thermal stratification occurs in a layer that can reach 50 m in thickness (Puillat et al., 2004) . These driving physical variables, associated with riverine nutrient inputs and meteorological conditions (particularly solar irradiance), can influence seasonal phytoplankton behavior in the Northern Bay of Biscay.
In the southern part of the Bay of Biscay, the Gironde's discharge affects the timing of primary production as well as the structure of the phytoplankton community. Late winter phytoplankton blooms often begin at the edge of the Gironde plume, related to the haline stratification and anticyclonic "window" after mid-February (Labry et al., 2001 (Labry et al., , 2002 . Thanks to satellite imagery, this phenomenon is also been observed once on the northern part of the continental shelf in late winter 2000 (Gohin et al., 2003) , but its development is not as well known as in the southern Bay of Biscay.
The phytoplankton response to riverine inputs has not been studied in the northern Bay of Biscay to the same extent as in the North, Baltic and northern Adriatic Seas (Wassmann and Olli, pers. com., 2004; Nausch et al., 1999; Vollenweider et al., 1998) . This study aimed to (i) estimate the annual variability of nutrient concentrations in the two main rivers, (ii) show how nutrients behave throughout the estuarine system, and (iii) describe the main seasonal feature of nutrients and phytoplankton in the northern Bay of Biscay affected by freshwater discharge.
Materials and methods

Sampling strategy
The values of daily river flows are given by the "Banque Nationale des Données pour l'Hydrométrie et l'Hydrologie" (http://www.hydro.eaufrance.fr/accueil.html), and the nutrient concentrations (N, P, Si) in river water are provided twice per month by the Agence de l'Eau LoireBretagne (http://www.eau-loire-bretagne.fr/) water board in the two river stations located upstream of the haline intrusion, at Sainte-Luce (near the city of Nantes) in the Loire river, and at Rieux (near the city of Redon) in the Vilaine river (Fig. 1) . Fig. 1 Estuarine and marine data were provided by three oceanographic surveys. (Fig. 1) . During the early summer cruise, the river plumes were less extensive and the sampling strategy focused on 23 marine stations off the river mouths. At each station, samples were taken at different depths in order to describe the vertical structure of the water column. Measurements were made using a profiler with a SBE25 CTD probe (Sea-Bird Electronics, Washington, USA), a fluorescence sensor (Seapoint, Exeter, USA), and a SBE 32 carrousel water sampler of 12 8-l Niskin bottles (Sea-Bird Electronics, Washington, USA). This profiler records depth, temperature, salinity, chlorophyll-like fluorescence, optical back-scattering and photo-synthetically available radiation (PAR).
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A Fine Scale Sampler (FSS) was also used in the Loire river plume during spring and summer cruises in order to study phytoplankton distribution in highly stratified water columns. The FSS consists of a linear array of 15 sampling bottles, horizontally set at 20 cm intervals (see Lunven et al., 2005) .
Finally, satellite imagery was used by applying ocean color techniques to the data of the Seaviewing Wide Field-of-view Sensor (SeaWiFS); it has been providing very useful data for monitoring phytoplankton biomasses in clear waters. For coastal waters, where the optical properties are due in part to scattering and absorption by mineral suspended matter or coloured dissolved organic material (CDOM) from land, the chlorophyll concentration can only be approximated. An empirical case 2 water algorithm calibrated on in situ data measured in the English Channel and in the Bay of Biscay has been successfully used by Gohin et al. (2002) .
Statistical method used for the assessment of river nutrient seasonal variation
Correlation analyses between river flow and river nutrient concentrations were performed similar to Jarvie et al. (2005) on the river Avon (UK) for nitrate and total reactive phosphorus, Dolezal and Kvitek (2004) for nitrate in the Kopaninky catchment (Czech Republic), and Aminot et al. (1993) for phosphate in the Seine river (F).
Analytical methods
A quantitative estimation of in situ chlorophyll a was performed by computing the relationship between in situ fluorescence and laboratory chlorophyll a values. For the three seasonal cruises, the calculated relationships were applied to all in situ fluorometric data (for example the relationship during "Nutrigas" cruise was: Chloro a = 1.28 * fluo + 0.12; R 2 =0.83). Total chlorophyll a (chl a) and phaeopigments (Phae) were determined by filtering seawater through 47 mm Whatman GF/F membranes. Size fractionation was achieved during the Gasprod cruise; total chl a was then measured by filtration on 0.4 μm Nuclepore polycarbonate filters, size fraction limits being respectively 3 μm (Nuclepore polycarbonate filters) and 20 μm (nylon sieve). The filters were frozen and later analyzed by the fluorometric acidification procedure (Holm-Hansen et al. 1965) . Samples for nutrient measurement (NO 3 , NO 2 , NH 4 , PO 4 ) were filtered in-line through a Gelman 10 µm polypropylene membrane and quickly frozen (-25°C). For silicate, the water was filtered through 0.8 µm cellulose nitrate membranes, using an all-plastic device, and preserved by adding mercuric chloride (20 mg l -1 ). Analyses were performed in the laboratory using a Technicon Autoanalyzer according to Tréguer and Le Corre (1975) for NO 3 , NO 2 , PO 4 and Si(OH) 4 . NH 4 was measured according to Kerouel and Aminot (1997) . Phytoplankton samples for species counts were preserved in a lugol-glutaraldehyde solution (1 %), and their abundance was counted using an inverted microscope.
Finally 33 PO 4 3-incorporation and incubation experiments were realized on the deck of the ship in quasi in-situ conditions during the spring cruise (Labry et al., 2002) ; they allowed to calculate the turnover time of orthophosphate in water samples (Thingstad et al., 1993) .
Results
Riverine nutrient inputs
The plot of dissolved inorganic nitrogen (DIN = NO 3 + NO 2 + NH 4 ) since 1994 in the Loire river versus the river flow is shown on fig. 2 ; it gives an example of a classical relationship previously pointed out by Sigleo and Frick (in press ). The same approach conducted on the Vilaine river indicated the same pattern. Fig. 2 The plot of dissolved inorganic phosphate (DIP) versus the river flow (Q) highlights the increase of concentrations in the Loire with discharge ( fig. 3) . During the summer with low river flow, nutrients, and particularly phosphate, are taken up by phytoplankton in the freshwater river where phosphorus is the first limiting nutrient (Kölher, 2006) Location of Fig. 3 With regard to dissolved silica concentrations, the relationship with river flow is positive because of weathering of the watershed during floods and riverine phytoplankton uptake in summer (Hem, 1989) Location of Fig. 4 The table 1 gives the annual riverine nutrient inputs observed in 2004.
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Finally the N/P molar ratios in Loire river water were calculated. The lowest values correspond to low river flow because of (i) the prevailing role of constant urban point sources in phosphorus fluxes and (ii) the decrease of nitrogen leaching during low river flow (Sigleo and Frick, in press ). During high river flow the N/P ratios were high and quasi-constant because of concomitant increase of N and P concentrations during floods (Fig. 5) .
Location of Fig. 5
During the summer, when the river flow is weak, the N/P ratio can decrease under the Redfield ratio of 16 and nitrogen can be the limiting nutrient. On the contrary, during the other seasons with moderate or high river flow, the values of the N/P ratio are frequently higher than 16 and show that phosphate is the potential limiting nutrient. The same results were obtained for the N/P ratios in the Vilaine river.
Behavior of nutrients within the Loire estuary
For all seasons, conservative behavior of nutrients along the salinity gradient was evident, suggesting that no large sinks or sources of nutrients were occurring within the estuary (Fig. 6) ; it appears that most of the dissolved inorganic nitrogen and silicate entering the estuary reaches the coastal zone, similar to the Seine estuary (Guillaud, 1983; Aminot et al., 1998) because of the relatively low residence time of fresh water within the Loire estuary, ranging from 3 days in floods to 30 days at low river flow (Gallenne, 1974) . According to Cloern (2001) , these low residence times result in nitrogen export between 75 % and 95 % of the input. Fig. 6 The main exception was an increase of phosphate concentrations within the estuary because of (i) Nantes' urban wastewater disposal (2.5 t d -1 of phosphorus), and (ii) the potential desorption of exchangeable particulate phosphate from the estuarine turbidity maximum in spring tide or from the fluid mud in neap tide (Rincé et al., 1985) . At the mouth of the Loire estuary (with salinities between 32.5 and 33.5), the N/P ratios were calculated and could be compared with the Redfield ratio. Their values in late winter (N/P = 50) and in spring (N/P = 70) indicate a relative surplus of nitrogen input in comparison with P input to the coastal zone. On the contrary, the low value observed in summer (N/P = 6.6) indicates a potential deficit of nitrogen in the plume area. This seasonal switch is observed in the lower part of many estuaries (Peeters and Peperzak, 1990; Conley D. J., 2000; Guillaud et al., 2000; Kemp et al., 2005) . ; a phytoplankton bloom was observed at the edge of the Loire river plume. The chlorophyll a reached 5 µg l -1 in the central bloom area (Fig. 7) .
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The haline stratification resulted in a surface mixed layer of 25 m. Morin et al. (1991) showed that a simple model of critical depth (Riley, 1957) taking into account the overall solar irradiance and the depth of the mixed layer is theoretically sufficient to explain the early bloom in the central area of the northern shelf. During the late winter cruise, anticyclonic weather conditions prevailed for ten days and offered maximal solar irradiance on the shelf area. Moreover, the lower turbidity in this area, compared to the coastal zone, allowed the early bloom of phytoplankton. A similar phenomenon was observed at the edge of the Gironde plume in 1998 by Labry et al. (2001) , but with lower concentrations of chlorophyll a. Thanks to satellite imagery, Gohin et al. (2003) observed a similar phytoplankton bloom in late winter 2000 on the continental shelf offshore from southern Brittany. Using same method, Huret (2005) shown that the late winter phytoplankton blooms in the southern Bay of Biscay were narrower and lower than in the Northern Bay.
The phytoplankton was dominated by large diatoms, as shown in other late winter blooms previously observed in the southern Bay of Biscay (Labry et al., 2001) .
The calculation of the ratio (pheopigments) / (chlorophyll a + pheopigments) and its representation along a vertical transect showed that during the "Nutrigas" cruise, the percentage of pheopigments were vertically homogeneous, with low values in the central area, indicating a high proportion of fresh phytoplankton throughout the water column as the large diatoms settle rapidly (Fig. 8) . Fig. 8 The settling of the late winter diatom bloom fits with the model results of Loyer (2001) who found a maximum flux of organic matter to the bottom during the same period. Herlory (2001) also pointed out during this "Nutrigas" cruise the dominance of large diatoms and the absence of mesozooplankton, the only zooplankton group able to graze on large diatoms.
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During the late winter, the "ocean color" images also show that the Bay of Vilaine is a coastal area where phytoplankton production starts early (Huret, 2005) ; river inputs create a thin haline stratification which is favourable for phytoplankton production (Chapelle, 1990) . Satellite data also show that this coastal area has lower turbidity than in the Loire river plume, due to the prevalent settling processes in this muddy bay; it is also protected from swell and sediment resuspension by a line of islands.
The spring situation
During the spring "Gasprod" cruise, the Loire river flow was moderate and ranged from 571 m 3 s -1 to 421 m 3 s -1
. After the late winter phytoplankton bloom, the central area of the northern shelf exhibits nutrient depletion, especially in phosphorus (Fig. 9) , despite relatively high phosphorus concentration at the river mouth (Fig. 5) .
Location of Fig. 9
These results are similar to those found by Loyer et al. (2006) in the same area. The exhaustion of nutrients in the central area largely results from the previous uptake by the first phytoplankton bloom and low concentration in offshore water. Moreover, the riverine waters that spread over the shelf at the end of winter have N/P ratios which are much higher than the Redfield value, indicating a greater depletion of phosphorus than nitrogen. For example, the four marine stations which exhibited a DIP concentration as low as 0.01 µmol l -1 in the surface water have mean DIN and silicate concentrations equal to 6.77 µmol l -1 and 1.42 µmol l -1 , respectively. During the spring cruise, the turnover time of phosphate in the central area appeared to be shorter (10 h) than that observed in the river plume area, i.e., 500 h. This indicates significant renewed production within the euphotic zone of the central area. Likewise, Maguer and Morin (pers. comm., 2004) pointed out that the ratio between (nitrate uptake)/(dissolved inorganic nitrogen uptake) was lowest values in the central area, indicating uptake of regenerated ammonium by the phytoplankton (Le Corre et al., 1996) .
Over the central area where the thermal stratification starts to be established in mid spring, the small forms of micro-algae are largely present, in particular the pico-phytoplankton (Fig. 10b) . These small phytoplankton are better competitors for nutrient uptake when present in low concentrations due to their high surface to volume ratio; they are also able to use organic forms of phosphorus (Labry et al., 2002) .
Location of Fig. 10
Contrary to the way the central area functions, the coastal river plumes in the northern Bay are the place of diatom growth because they are continuously enriched by nutrient inputs and the decreasing river flow leads to a lower turbidity. Figure 10a clearly shows the coastal maximum of phytoplankton biomass. The entire upper layer in the river plume exhibited two dominant diatom populations (Chaetoceros sociale, Thalassiosira rotula) above 20 meters with an evident uptake in dissolved inorganic nutrients pointed out by Lunven et al. (2005) .
The summer situation
During the summer, results were obtained during the "Viloir" cruise; the Loire river flow was low and ranged from 272 m 3 s -1 to 229 m 3 s -1 . The maximum biomass of phytoplankton is maintained within smaller river plumes which are still enriched by low nutrient inputs; for instance chlorophyll a concentrations higher than 20 µg l -1 were observed in the small Loire river plume in June 2003 (Lunven et al., 2005) . During summertime, the phytoplankton production in these plume areas can be nitrogen limited due to a pronounced decrease in riverine nitrogen input and consequently a low N/P ratio at the mouth of estuaries, as seen in chapter 3.2. Chapelle (1990) also noted a summer nitrogen limitation in the Bay of Vilaine.
Towards the open sea, the concentration of chlorophyll a was highest (5 µg l -1 ) in the 2-m pycnocline (Fig. 11) . The low DIN concentration (< 0.2 µmol l -1 ) likely limited phytoplankton production in the surface layer above the nutricline, and the phytoplankton growth was irradiancelimited below the pycnocline as Lunven et al. ( 2005) shown during the same cruise. Fig. 11 A third zone, the accore zone, located on the eastern boundary of the study area, has high episodic phytoplankton production, which is independent of riverine nutrient inputs. Over the shelf break, when the water column is vertically stratified (from May to September), the tide generates internal waves responsible for significant mixing and upwelling of nutrients (Druon, 1998) . Satellite imagery (Gohin et al., 2002 ) was a valuable tool for highlighting the location of phytoplankton production in an area up to 500 km long and 50 km wide (Fig. 12) . Albaina and Irigoien (2004) showed that during the stratified period, the episodic high primary production on the shelf break enhances the abundance of the zooplankton which fits well with the described spatial distribution for the zooplanktivorous Biscayan anchovy and marine mammals (Kiszka and Van Canneyt, 2005) . In summer the importance of the planktonic production for fisheries resources on the accores contrasts with low phytoplankton biomass of the central area.
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Conclusion
The Loire and Vilaine estuaries are the main continental sources of nutrients to the northern Bay of Biscay. Within the estuarine system, the high turbidity in the macrotidal Loire estuary limits the growth of phytoplankton and favours the conservative nature of nutrients through the estuary to the coastal zone (Monbet, 1992) . Concentration of particulate forms of nitrogen and phosphorus throughout the estuary correspond to the dynamics of suspended matter, characterized by retention during low river flow and release during winter floods.
The northern Bay of Biscay seaward of the estuaries is characterized by coastal river plumes and the central area of the shelf.
Before mid-February, insufficient irradiance limits phytoplankton growth over the continental shelf. Satellite ocean color data used by Huret (2005) confirmed that the mean chlorophyll a concentrations calculated in January (applying empirical algorithms to all SeaWiFS data available in January between 1998 and 2004) are lower than 1 µg/l.. Near the coast, there is no phytoplankton production in river plumes of the northern Bay before mid-spring because of light limitation from suspended sediment flux from the river and resuspension in the Bay. The inner Bay of Vilaine, which is a nursery area for flatfish (Le Pape et al., 2007) , differs from the northern part of the Bay of Biscay, with lower turbidity and earlier phytoplankton blooms in late February. This is due to the high settling process in this muddy bay, linked to the weak residual current (Lazure and Jegou, 1998) and to possible protection from swells by a line of islands (Belle-Ile, Houat, Hoëdic, Quiberon peninsula). The Bay of Vilaine is sensitive to eutrophication and to hypoxic/anoxic events in summer (Chapelle, 1990) . The positive influence of riverine nutrient inputs on nursery habitat can be offset by negative impacts from eutrophication.
The large central area of the nortern shelf that supports late winter diatom blooms under specific weather conditions, which correspond to anticyclonic "windows." The concentration of chlorophyll a and the extension of the northern late winter phytoplankton bloom observed in 2001 during the "Nutrigas" cruise, and pointed out by satellite imagery between 1998 and 2004 (Huret, 2005) appear higher that those observed in the southern Bay of Biscay; Herbland et al. (2004) showed that late winter phytoplankton blooms have theorically appeared at least every two years since 1977, when anticyclonic conditions in the northern Bay of Biscay coincide with haline stratification periods produced by a 3D hydrodynamic model of Lazure and Jegou (1988) . The settling of the large diatoms, as predicted by Turner (2002) , supports high secondary production in the form of demersal fisheries in the muddy sand bottom, called "La Grande Vasière" (Le Loc'h, 2004) , of the central area. This rich area in the northern Bay of Biscay is larger than those located in front of the Gironde estuary.
After the late winter bloom, the central area of the shelf quickly becomes depleted in phosphorus and the euphotic zone is characterized by low nutrient levels and predominance of small phytoplankton. During the spring "Gasprod" cruise, Sautour (pers. comm., 2004 ) noted high grazing rates by microzooplankton on the picophytoplankton, similar to the Gironde plume in spring (Sautour et al., 2000) ; they concluded that under these conditions most of the phytoplankton biomass was recycled within the euphotic layer. There was a weak vertical export of particulate organic matter, contrary to late winter, when diatoms sink (Herbland et al., 1998) . Finally the western shelf break, the accores, has episodic high phytoplankton biomass related to upwelled nutrients from internal waves, which could support important pelagic fisheries resources. 
